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I would like to begin by saying that the remarkably simple and beautiful
experiments on liquid 3He and on 3He-4He solutions done at Duke
University by Bill Fairbank, King Walters, and others in the decad2 of the
fifties helped lay the foundations for a field which is very active today.
King Walters will describe those days batter than I. But I want to add how

3

important those carly observations of Fermi-like behavior in liquid “He and
3,. 4

of the phase-separation phenomenon in “He-"!le solutions have turned out to
be and how they provided something secure on which [ could build my own
experiimental work in the field of liquid helium,

My contribution below to this conference differs from most of the others,
yet [ feel that it is still appropriate. Certainly one of the themes of tha
Near Zero Conference is the importance to physics of attaining temperatures
near the absolute zero. Although there is no longer any problem in reaching
exceedingly low temperatures, in some sense the motivation for my present
far-from-complete work is to reexamine old ideas and investigate new ones to
see if it might no* be possible to attain low temperatures more simply, and in
doing so to open up the temperature region "near zero" to even more widespread
discovery and invention. In this work I am only following Carnot's
admonition, written in the last paragraph of his book,1 to the effect that
there is more to the subject of heat engines? than the efficient use of heat
and work; that convenience, economy, an] above all simplicity are esseatial
components of the solution to any practical problem. 1 like to think that
some of the hallimarks of Bill Fairbank's contributions to physics are both the
ingenuity and the essential simplicity of his approach to the solution of
practical measurement problems.

[.  INTRODUCTION

Only heat engines which work on a long time scale can have the Carnot
ef ficiency. It power, or work (or heal) per unit time, is the important
quantity then irreversibilities are unavoidable, fFor example, a Carnot-1like
engine with @ finite thermal resistance between working fluid and reservoirs
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rather than 1-(TC/TH), where T
hot reservoirs.

C and TH are the temperatures of the cold and

An example of an engine which has Carnot's efficiency in the 1limit of long
periods is the Stirling engine.5 Rev. Robert Stirling invented this
reciprocating engine in 1816, eight years before Carnot's book was published.
I think of Stirling's engine as beino intrinsically reversible. Stirling
introducad into the engine what I call a second thermodynamic medium in
addition to the primary thermodynamic medium (air for Stirling's engine).
Engineers call this second medium a heat regenerator. It plays the role of a
continuousiy dist~ibuted heat source and sink internal to the engine and makes
possible an idealized cycle having Carnot 2fficiency in which all processes
are locally isothermal. The Stirling engine, as for all intrinsically
reversible engines, has two separately controlled elements; in this case a
power piston and a displacer which are phased appropriately with respect to
one another to produce a useful output,

The intrinsically irreversible heat engines [ discuss here use the
irreversihle process of thermal conduction to achieve the necessary phasing
between temperature changes and motion of a primary medium and the. efore have
only one moving mechanical element. Stirling's second thermodynamic medium is
also an essential element of such engines, but now the thermal contact with it
is neither very good nor very bad. Indeed, no usefui output is obtained
cither in Lthe reversible isothermal limit, where the engine runs very slowly;
or in the reversible adiabatic limit, where the engine is running very fast.
That is why 1 call such enyines "intrinsically irreversible." It is also
necessary for the geometrical symmetry between primary and sccondary media to
be broken in order Lo achieve a useful thermodynamic result,

1 an external source works on such an engine then a tomperature
difference is produced. If the primary mediun §s a thermodynamically active
flutd with a very low Prandtl number, so that effects of viscosity are
negligible, then T think chat very large Lemperatinte differences should
ensue, Ay it 1S possable to design engines in which thermodynamic ef fects are
cmphasizod over frictional effects, T am encouraged Lo pursue a scientific
study of intrinsically irroversible engines wiith the hope that there will be

practical conmequences, ospecially for the staple atbainment of low



temperatures. Essential to the simplicity are the need for only one moving
element and the quality that thermal contact to the second medium .wust not be
good.

I refer to the present class of engines as intrinsically irreversible but
functionally reversible to distinguish them, for example, from refrigerators

which employ the irreversible Joule-Thomson expansion of a fluid to produce
low temperatures. The Joule-Thomson, or perhaps better the Linde-Hampson,
cooling method is characterized by simplicity and effectiveness and indeed was
the means employed by Kamerlingh Onnes to liquify helium. The present engines
are functionaliy ~eversible in the sense that they can be prime movers as well
as refrigerators, just depending cr the temperatures spanning the engine. As
prime movers, in one form they are the famous Sondhauss tubes in acousticsS.
In another form familiar to all low temperature experimentalists they lead to
the "Taconis oscillations" in a tube inserted through a temperatu.-e gradient
into a vesse! contairing liquid helium,

The possibility of using the irreversible process of thermal conduction as
part of a method to produce cold was first proposed by Gifford and Longsworth

and then developed by them in a series of papers.ﬂ']]

They called their
device a "pulse tube refrigerator" and described its operation in terms of a
concept called "surface heat pumping." It operated at low frequency (ca. |
Hz) and used pressure changes of several atmospheres. [ was reminded of the
Gifford and Longsworth papers last year when | ran across them again while
browsing in the Tibrary at the Kamerlingh Gnnes laboratory. Just at that time
[ was also studying a paper by Cupﬂrluylp on a traveling wave acoustical
engine, The Ceperley engine is essentially & novel Stirling engine. It
requires, as for all Stirling engines, reqgions of high thermal contact between
primary and secondary media, and it suffers badly from effects of viscous
dissipation. However, comhining acoustical techniques with Lthermodynamically
irreversible processes seemed tike an ominently sensible thang to do, S0 on
my relurn o Los Alamos a year ago, and with the nelp of my colicagues, Greg
Swift and Al Migliori, I began studying intrinsizally irreversible acoustical
heal engines experimentally,  The practical qualities of simplicity, high
frequency (for a heat engine), automatic provision ot a "flywheei”™ by the
fnertia of the gas, absence of maving seals, and dependences an poor therna |
contact woere dmmediately obvious,  Only more recont ly hayve U oapprec iated the

generality ot Lhe concepts,



[T1. THE PRINCIPAL THERMODYNAMIC EFFECTS

An apparatus in which the principal thermodynamic effects can be observed
is shown in Fig. 1. I want to emphasize that from a fundamental point of view
the use of acoustical techniques in this apparatus is peripheral. An
acoustical compression driver (loud speaker) excites a resonant acoustical
tube in the form of a U which is closed at one end. The U shape is used to
eliminate natural convective heat transfer, The second thermodynamic medium,
on which our attention will be focused, is a stack of 19 fibe'glass plates
shown in more detail in Fig. 2. These are instrumented by epoxying five
chromel-constantan thermocouples TC1 to TC5 to the central plate with the
Junctions located more or less as shown. The tube contains 4He gas at an
average pressure p that we can control. At the closed end of the tube the
dynamic pressure amplitude P0 can be measured accurately. Both the driver
and the closed end of the tube, whose temperature is measured by thermocouple
TC6, are near room temperature, The walls of the straight sections of the
U-tube are 1 mn thick fiberglass and are insulated with superinsulation, the
whole U-tube being in vacuum. The bottom of the U-tube is copper whose
temperature, measured using TC7, can be adjusted by controlling the flow of
N2 boiloft gas from a liquid N2 hath., The open space above and below the
second medium is designed to have a high thermal resistance. This form of the
appdaratus, with gas cooling at the bottom of the ll, is necessary to reduce the
heat input to the bhottom end of the second medium Lo a contrcllably small
value, The tube is operated at resonance. Although heat yenerated in the
second medium itself by viscous effects is small, owing to its proximity to
Lhe pressure antinode, heat generated viscously in olher parts of the tube and
h2al from the room temperatvre reqion is transported toward the second medium,
in part by acoustical streaming. 1In a practical cooling engine it will be
necessary to play o trick to eliminate this problem, but for the present
purposes of iilustrating the principles the arrangement shown is
satistactory. As the Tength ot the second medium is short compared to the
radian lenath of the acoustical wave, whose frequency is typically ca. 400 Hz,
Lhe same results would presumably be achieved ideally in another shorter
Apparatus with an oscarllat g piston located close to the second medium,

Reoustical techniques are wsed here primarily for practical reasons,



In this apparatus we can measure temperature and static and dynamic
pressure. Two types of experiments give readily interpretable results. In
one, with the apparatus initiaily at a uniform temperature (usually ambient),
the acoustical power is suddenly applied for a short time and the thermoucouple
response measured. In such a measurement the initial time rate of change of
temperature T1 is proportional to the heat flux into the surface of the
second medium. In a second experiment the temperature distribution along the
second medium is observed for essentially adiabatic conditions under the
action of continuous wave acoustical power,

Typical results of tne sudden application of acoustical power are shown
in Fig. 3. They show thc essence of the thermodynamic effects. Before
acoustical power is applied, we have (gradzT) = 0 along the plates. The
4He pressure is 4,90 bar and the sound frequency is adjusted to resonance,
near 400 Hz. At time t = 0 acoustical power is appiied with amplitude ratio
PO/p = ,0092. This corresponds to only about 4% of a typical power level
and was adjusted for demonstration purcoses to allow all five thermocouple
responses to be shown with Lhe came sensitivity. Each of thermocouples 2, 3,
and 4, those within the plates, had very nearly the same response, a heating
with T constant but not large. Thermocouple 5, located at the edge of the
plates closest to the closed end, heats rapidly while 1, located at the edge
of the plates closest to the driver end, cools even more rapidly. These
observations are consistent with the foilowing time-averaged energy flows in
the gas toward the clnsed end, Withir the plates but far from the ends, the
energy flow toward the closed end increases linearly with the distance z from
the closed end. Then, from corservaiion of cnerqgy, the time-averayed heat
flow per unit lenqth into the plates will be constant, as observed. There are
sudden changes in the enerqgy flow at Lhe ends of the plates, the enerqgy flow
in the gas being smaller at both ends outside the plates. Then, at TG, the
en2rgy flow loward the closed end is greater witnin than it is outside Lhe
piates, 5o heat must be extracted from the plates and their tomperature must
drop, as obseeved., AL TCH the enerqgy flow Loward the ¢losed end is greater
within than it is outside the plates, so the plates must absorb heat, their
temperature rising as observed, he thermodynamic action corresponding to the
hoating at 15 and the cooling at 101 55 0 contral foryture of the irroversible

ongine,



The second experiment which can be done reasonably well is to study the
adiabatic temperature distribution., Here what is done is to let the acoustical
power act continucusly, adjusting the temperature at TC7 and ohserving the
temperatures of TC1 through TC5. As I pointed out in describing the apparatus
the thermal resistance of the spaces adjacent to the stack of plates is high,
so the response of the plates is nearly adiabatic. Typical results of this
experiment for 4He gas at p = 1.90 bar and a dynamic pressure ratio
Po/p = 0.04 are shown in Fig. 4, where the absolute temperatures of the five
thermocouples are shown vs. their longitudinal positions on the stack. The
data are obtained as follows. Starting with the whole stack at the ambient
temperature, that of TC6 at about 287° K, the acoustical power is turned
on. There is an immediate response: in a few minutes a gquasi-equilibrium
temperature distribution is developed with T5 > T6 and Tl < T6 and
a temperatura difference (TS—T]) comparable to that cn any of the curves

shown. Then depending on how T, is manipulated we find a variety of vary

similar equilibrium distributiozs. four of which are shown in Fig. 4. A gocd
way to describe this distribution is "rigid." It is established quickly. The
generai temperature level can be changed slowly Ly changing T,, but this
control is; very "soft." The distribution is insensitive, at a 'evel of 5 to
10%, to variations of static pressure over a factor of 10 (from 0.5 to & bar),
to variations of dynamic pressure Po/p over a factor of 5 (and thus in power
over a factor 25), and to small variations in frequency (factor 2 to 3). It
also does not depend strongly on either T6 or T7. The dashed lire on

Fig. 4 is calculated using the adiabatic equation of state for 4He gas, with

T being the temperature at z, with V being the volume included between the
closed end of the tube and the point z, and with a forced fit at TC5. A
relationship Tike this between the adiabatic equation of state of the gas and
Lhe temperature distribution in absence of nheat flows was proposed by Gifford

9
and | ongsworth



ITT. UNDERSTANDING THE INTRINSICALLY IRREVERSIBLE ENGINE WITH IDEAL GAS
PRIMARY WORK1NG SUBSTANCT.

The concept of phase is important in heat engines. As shown in Fig. 5a,
the phasing in an internal combustion engine is provided by the correct timing
of the ignition or injection of fuel into the cylinder with respect to the
motion of the piston. The resulting indicator diagram (or p-V plot) has an
enclosed area corresponding to the work done in a cycle. Proper phasing is
achieved in & Stirling engine, Fig. 5b, by moving the piston P and the
displacer D independently to maximize the area of the indicator diagram. In
each of the above two quantities had to be controlled and caused to act in
proper time sequence to achieve the desired result. In Fig. 5c I consider a
piston and cylinder enclcsing a gas with only one moving e ement, the piston,
and with only reversible processes considered. If t is the thermal
relaxation time of gas in the cylirnder andw is the angular frequency of
pistun motion then the two possibilities for reversible processes are either
isothermal (Wt << 1) or adiabatic (wt >> 1). Starting at the same
state (p,V) and letting the piston oscillate produces no included area on the
indicator diagram in either extreme. But if, as suggested in Fig. 5d, the
thermal contact is too poor to allow isothermal processes yet not so poor as
to make the processes adiabatic, then the indicator diagram will have a net
included area. [In this case, and for & small sinusoidal variation of volume
with wi < 1 so that the processes are not quita isothermal, the indicator
diagram will appear as shown. During expansion thc gas will be generally
lower in temperature than its surroundings, and hence at a lower pressure than
the isotherm; during compression the gas will be gencrally higher in
Lemperature and hence at higher pressures than the isotherm., Hence with only
one moving element, the piston, and irreversibilitv ther: is a finite included
arca on the indicator diagram. But that is not enough to produce an
interesting therinodynamic effect.

Excepting the region very near to the piston itself the above
irreversibility just leads to the absorption of heat by the walls of the
cylinder. What is necessary to produce something interesting is to make the
symmetry ot the second medium and of the opace occupied by the primary medium
different,  Why this is important can o under<tood rather easily by

constdering enerqgy tlow in Lhe gas,  Reter to Fic o oa, which shows a cylinder



with walls at constant temperature containing a gas confined by an oscillating
piston. Excluding kinetic energy of mass motion the energy flow in the gas is
the enthalpy flow. What is of interest is the time-averaged energy flow ﬁ,
taken positive in the direction along z toward the closed end. If ﬁ.depends
on x then -dﬁ)dx is, by conservation of energy, the time-averaged heat flow
per unit length into the walls of the rylinder. The time-averaged energy flow
can be written schematically

H=Awh=Av pE;§T’ R (1)

where the double bar indicates both a time and spatial average, A is the cross-
sectional area, p is mass density, cp and h are specific heat and enthalpy
per unit mass ana 6T is the temperature deviation from the isothermal
surroundings. For isothermal processes, the temperature deviation 8T is
zero; while for adiabatic processes v and 8T have a m/2 phase difference,

so that their time-averaged product is zero. Hence for both types of
reversible processes ﬁ ijs zero. In the limit of zero Prandtl number and where
the thermal penetration depth

/
5, = (2x/w)'/? (2)
is small compared to the distance bhetween solid walls, where ¢ = KA)Cp
is the thermal diffusivity, K is therm:l conductivity, and «w 1is anqular

frequency of the piston motion; the energy flow can be calculated simply with
the result that H o« vopdléK, with proportionality constant of

arder unity. From (1) Lhe area A is replaced by the product of the perimeter
(at 2> 11 and the penetration depth S the velocity v by the velocity
amplitude (at z) Vi and the quantity pcdRT by P, the amplitude of

the dynamic pressure variation. [For ideal gases (aT/?)p)G =

0>cp)'].] Expressing Vo in terms of the compressibility, the



distance 1z ! from the closed end, the angular frequency w, and Po;
and nutting in the numerical constants valid for 4He gas one gets

2
- P\~
_ 1 0
H = T wGKp(—p-—)TI ¥4 . (3)

The energy flow depends on both perimeter, or surface area per unit length,
and distance from the closed end. For a geometry such as that of Fig. €b,
where a set of plates has been inserted into the cylinder, the dependence of
energy flow on Izl is as shown: moving away from the closed end there is a
sudden increase where the plates begin, a.steady increase over the region of
the plates, and then a sudden decrease where the plates end. ﬁ-does not drop
to zero outside the plates as of course work is being performed on the gas in
the plates and beyond. (There are no sudden changes in ﬁ; but rather rapid
changes over distances estimated by the amplitude of the fluid motion.) These
are exactly the qualities expected from the experimental data shown in Fig.
3. Absent the symmetry breaking geometrical change, only heat rejection to
the second medium would result.

If the above 1is somewhat unfamiliar, then consider for purposes of
understanding an analogous magnetic system. [Imeqgine a magnetic body with a
system of spins (the primary medium) and & lattice (the second medium) coupled
by a thermal resistance. Let the magnetic body move in a sinusoidal fashion
at angular frequency w in an inhomogeneous field so that temperature changes
will result. |If t is the spin-lattice relaxation time, then there is no
average heat consequence either in the isothermal (wtr << 1) or adiabatic
Wt >> 1) limivs. But in belween, forwt ~ 1, we know that the magnet-
ization and field will be phased so that on the average heat is rejected to
the lattice. There is, however, no useful thermodynamic result; only the
direct conversion of work into hrat at the lattice temperature.  This
corresponds to the situation in the cylinder of Fiqg. 6a before the plates are
introduced.  But now suppose that the "spins" and the "laltice" are in
different bodies coupled by <ome thermal resistance and 1ot the symmetry

between them be broken by, say, limiting the size of the “spins." Furthermore
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let the "spins" be moved in an oscillatory fashion with respect to the
"lattice" in the inhomogeneous magnetic field. Then what will happen is tnat
the end of the “"spins" in the weaker field wil! cool while that end in tne
stronger field will heat. A useful thermodynamical <¥fect has been produced
which will be optimal in the vicinity of wt ~ 1.

The above considerations were based on a starting condition of uniform
temperature with (gradZT) = 0. Suppose we let the engine run cor tinuously
so that a steady temperature difference is acnieved. In a practical engine
this temperature difference will be limited by for example external heat
flows, internal heat generation due to viscosity, longitudinal conductivity of
the various thermodynamic media and of the container, and heat transport due
to nature! or forced convective motions of the fluid. The ideal fluid has no
viscosity but does have thermal conductivity; it has zero Prandtl rumber. In
a typical fluid the effect of viscosity need not be overwhelming as the
refrigeration effect at the end of the plates is proportional to the plate
length while the overall viscous heating effect is proportional roughly to the
cube of the plate length; I think that the two can he adjusted appropriately
by choice of geometry and freguency so that viscous effects wili not be
large. For the ideal fluid in the ideal engine in the absence of external
heat flows the tenperature gradient wiil continue to develop as acoustical
power is applied unti! heat flow to the second medium drops to zero. To
understand this consider a particle of fluid shown in a cylinder in Fig. 7.
As it moves toward the closed end its temperature rises and as it moves away
its temperature falls. Initially, (gradzT) is zero, and a given fluid
particle tends to give heat to the walls on compression and take heat from the
walls on exparsion. But u$S the engine runs and T increases toward the closed
end the temperature difference driving the heat flow to the second medium
decreases. Finally, at some limiting temperature gradient in th~ wall
(gradzT)Iim the heat flow to the wall will reach zero and we will have the

condilion

‘0|(qradzT)llim =0T (4)
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where x_ is the amplitude of the particle motion arnd GTO is the amplitude

)
of the adiabatic temperature change of the fluid particle. For adiabatic proc-
esses in an ideal monatomic gas GTO/T = - (2/3) §V/V and Po/p = - (5/3)V/V.

As the pressure and pressure changes are uniform even in the gas with non-
uniform temperature, the fractional volume change amplitude §V/V of a given
£luid particle at z is the same as the total fractional volume change
amp!itude A(z) xo/v(z) beyond z, where A(z) is the cross-secticnal area at z
and Y(z) is the volume ircluded between z and the closed end. As a
consequence, from (4)

2 T
|gr3dzT|11m -3 V{Z)/ATzy (5)

THis is equivalent tc

2/3
T(z) V(z) = constant (6)

independent of pressure amplitude, pressure, and frequency. This result,
win'oh was derived by Gifford and Longworthq in a sinilar way, gives a
reisonable accounting of the results on Fig. 4. Tne "rigid" temperature
distribution found there is nsseatially independent of Lhe various
esperimental parameters and seems to he correiatea with the adiabatic equation
of state of the ga.

Heat flows into plates at (qrdd,T) = 0 have been studied extensively by
us and compared with a Lhurmuucnuutiédl theory by Rntt,l“ with excelleat
aqgreement where compacision is appropriate,  The behavior of the engine in the
"adiahatic limit” is reasonable,  We have not yet dealt quantitatively with
the qualities of the engine in the prese e of both sub<tantial hoat {lows and
a tenperature gradient, nor have we attempted orime-mover aposration,

Hence we are not yet ablie to deseribe the enagine's eftaciency under prescribe |
conditions.  Since ror a prime mover heat must bho absorbed at the hot end and
rejocted at the cold end, the prime mover and refrigerator functinong of this
engine are separated by the temperature distreibution corresponding ta the

adiadate bimet, Oty ot tho tompopratgers g pfr oot aaraey Chat gy, on by



Eq. (5) will the gas on compression be cooler than it immediate surroundings
s0 that heat can be absorbed. For refrigerator operation heat transfer to the
hot reservoir and from the cold reservoir can be via regions of constant
temperature. But for prime mover operation some of the overall temperature
difference available must be used up to achieve suitably large temperature
gradients to achieve the necessary direction of heat transfer. This could be
looked upon as an undesirable quality, but then it could also mean greater
simplicity of the necessary heat exchangers. And simplicity after all is one
of the most impcrtant practical characteristics of these engines.

IV. GENERAL REMARXS

The engine as we have been describing it really does not depend on
acoustical concepts. But as simplicity is such an important quality of
intrinsically irreversible engines, and as acoustical techniques are so simple
and elegant and the relativel'v high frequency useful, future study of an
acoustical engine is very desirahle. But there are problems to be overcone.
One is concerned with viscous heating. To reduce viscous heating to a small
value relative to the thermodynamic cooling effect it is essential that the
second medium be placed near a pressure antinode and that the ratio of the
length of the second medium to the radian length of the acoustical wave be
suitably small. Fven then the heating effect of the remainder of the open
resunant tube is excessive. A way must be found to oeal with this problem. A
second problem is associated with the effects of acoustical strnaming.3 In
this well known effect an oscillatory tlow in the presence of boundaries leads
to a steady circulational or forced convective flow. As a conscquence we can
erpect that l(qrnd’T)l will be decreased. 1 suspect that this is the reason
why we have not heen able to achieve the tull adiabatic temperature differvence
in vxperiments Tike that which produced Fig, 4. No doubt even more interesting
problems will appear das we go more deeply into this subject,

The general confiquration of the second medium that we have used, as in
Fig. b, could be changed by Tetting it extend tully to the closed end of the
tuhe . in that cane one mignt want to guse the Tast hit to make contact with

the hot reservorr,  But suppose that we chose instead to lTengtaen the open
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space at the end of the tube. Now in the way we have operated the engine, if
Th is the thermal time constant in the region of the plates and To is the

thermal time constant in the open region, then we normally haVE(wro >> 1 and

mTpf= 1. Processes in the open space are essentially adiabatic while in the
region of the plates thermal contact is just poor. The energy flow curve of
Fig. 6b appiies. However, if for the same geometry we decrease w until the
thermal pen. ‘ation depth in the open tube is comparable to the radius, then we
will have Wt 1 and(urp << 1. The time-averaged energy flow in the open
space goes up; that in the plates decreases toward zero. The signs of the
discontinuities in ﬁ-at the ends cof the plates change; the regions of reating
and cooling are interchanged., It is interesting that this latter condition is
the one that probably applied to the experiments of Gifford and longsworth. In
any case more than geometrical configuration is important in these engines.

I have said before that I think the concepts presented here are quite
general, not limited to any particular working substance. Whether or not they
are used in any practical case probably will be related to the importance of
simplicity. The essential requirements seem to be (1) both prinary and
secondary thermodynamic media, (2) relative motion between primary and
secondiry media, (3) an irreversible proce:s, preferably thermal, to orovide
suitable phasing between motion and temperature chanyes, and (4) a breaking,
either continuously or discontinuously, of the relative symmotry between
primery and secondary media, The primary medium must be thermodynamically
active; that is, its entropy at constant temperature should depend adequately
strongly on some externally applied parameter such as pressure or magnet ¢
field. The secondary medium should have an adequate heat capacity,

The general principle which determines the steady state aperation ol this
Lype of engine has not been stated, 1t probably should be consistent with the
principle of minimum rate of product jon of Pnlrupy,‘H al. Teast tor the
present oxperiments,  Thus, for the ideal engine with no external heat inpuot
and where the thermodynamic of fects are due to thermal comduction and vise o
vffects are neqligible, a5 the engine operates and the temperature qradient
develops the vate of produc tion ot entropy decreases, fanally, an the dyname
cquilibriom state when heat transters to the secona mediam cease the rate of

production ol entrogy b heen o vedue et by ey



The intrinsically irreversible heat engine is certainly a conceptually
and scientifically interesting object. wWhether or not it will lead to the
hoped-for solutions to practical problems in low temperature techriology has
yet to be shown. The limiting temperature distribution of Eq. (6) should apply
provided both that sources of heat can be eliminated and that (gradZT) is
not so large as to lead to an excessive heat transfer within the second
medium. From Eq. (6) factors of 2, 4, and 8 reductions in temperature
require, respectively, factors of 2.8, 8, and 27.6 in volume ratio. It is
also possible in principle to provide stages of tempc ‘ature reduction as is
common in cooling using more conventional cooling methods. Or one might
combine an irreversible acoustical engine with a Joule-Thomson engine or with,
say, an intrinsically irreversible maynetic engine. For the present a
detailed scientific understanding of intrinsically irreversible heat engines
ard the problems and pecularities of their acoustical manifestations must
precede practical developments.

V.  ACKNOWLEDGEMENTS

I wish to acknowledge here the many important contributions to this work
made by my colledques Greg Swift and Al Migliori, starling at the carliest
stage. | also wish to acknowledge the work of Tom Hofler, with whom the
meaurements shown on Fig. 4 were made, T am also indebted to the 1).5.
Department of Enerqgy for the support of this work, both through Lhe Basic
inergy Seience Program and through Testitutional Supporting R&D funds here at

the Loy Alamos National Laboratory,



References

6-

q,
10).

S. Carnot, "Reflections on the Motive Power of Fire, and on Machines
Fitted to Develop that Power," (1824), transl. and ed. by R. H. Thurston,
ed. by E. Mendoza, Peter Smith Publicher, Inc., Gloucester, Mas<. (1977),
p. 59.

In this paper the term "heat engine" refers to any apparatus in which the
concepts of heat, work, energy, and temperature are important. Heat
engines may be classified according to their function. A heat engine
whose function is to transfer heat from one reservoir to another by the
performance of external work is called a refrigerator or heat pump. A
heat engine whose function is to perform external work by absorbing heat
from one reservoir and rejecting heat to a lower temperature reservoir
may be called a prime mover. In this paper | am mainly concerned with
refrigerators.

F. L. Curzon and B, Ahlborn, An. J. Phys. 43, 22 (1975).

B. Andresen, R. 5. Berry, A. Nitzan, and P. Salamon, Phys. Rev. Al5, 2086
(1977). Refs. 3 and 4 introduce the effect of irreversibility on
optimizing power out from intrinsically reversible engines.

G. Walker, "Stirling Cngines," Clarendon Press, Oxford (1980). This is
primarily an engineering text, [t contains some interesting historical
material,

J. W. S. Rayleigh, The Theory of Sound, Vol. Il (Dover Publications, New
York, 7nd edition) (194%) p, 230,

K. W. Taconis, J, J. M, Beenakker, A, 0. €, Nier, and 1, T. Aldrich,
Physica 15, /733 (1949),

W. Fo Gifford and R €, Longsworth, Adv. in Cryogenic Fng. 10, 69 (1964),
W. [ Giftord and R, €, longsworth, Adv, in Cryogenic Eng. 11, 171 (1966),
H. C. longsworth, Adv. in Cryvogenic Png. 12, 608 (1967).

W. L. Gifford and G. H, Kyanka, Adv. in Cryoqenic ITng. 127, 619 (1907).
Retervences 8-11 give a qgood general discussion ot the phenamena which
ocour dn oa pulse tube retrigervator, though T oam inclined to explain the
phenomena from o somewhat differenl viewpoint than the authorsy,

Mo, Coperley, W) Acousd. Soc. Am, o bh 1808 (19)0),
Jo Lighthill, Jdours of Sound and Vibration 61, 391 (19/8).  This {s an

eveellent gqeneral veterence to the phenomenon of aconstical shreaming,



14. N. Rott, J. Appl Math. and Phys. 25, 619 (1974). Calculation of
thermoacoustical effects for (gradzT) = 0 for any Prandtl number in the
approximation that the penetration depths are small compared tu the
spacings between solid walls.

15. G. Nicolis and I. Prigogine, "Self-Organization in Nonequilibrium
Systems," (John Wiley, New York), (1977) p. 42.

FIGURE CAPTIONS

Fig. 1. Schematic diagram of apparatus using acoustical techniques to study
the qualities of an intrinsically irreversible heat engine and using 4He gas
near room temperature as primary medium and fiberglass plates as secondary
medium,  TC1 through TC7 are thermocouple sensors, p is the static pressure
and P” the amplitude of the dynamic pressure.

Fig. ?. Schematic drawing showing the geometry of the parallel plate second
medium and of the thermocouple locations,

Fig. 3. fssential thermodynamic effects in the engine.  Shown are super-
imposed chart recordiags of thermocouple temperature changes vs time There
is no initial Jongitudinal temperature qradient: (qrad,T) = 0. At t =0 the
acoustical power is soeddenly switched on. [or t > 0 the acoustical power is
conttant.  The numbers vefer to the thermocouple locations given on Figs, |

amd .,

Figo 4. Absolule tempeviture distributions as obtained from dynamic
equilibrium values of the five thermocouple ontputs for p - 1.90 bar and
P”/p-- 0.04.  These four curves wore obtained for toom ditfer nt values of
l/. Fig, 1, the lTowest corve bheing for the Towest value of 'l/. The point
7 - 0 corresponds to the end of the plates where 165 48 located,  The line
labe led IVP/j =oconstant is hased on theoretical argunents presented in Sec,
LT, where Tods the temperatuee at 2 and Vs the qas volume incladed hetween

wmd the closed end of the tabe,



Fig. 5. Illustration of how phase plays a role in heat engines. p and V
refer to the pressure and volume of gas in the cylinder. (a) refers to an
internal combustion (I.C.) engine with heat introduction at the (*). (b)
shows a Stirling engine with piston P and displacer D moved individually in an
articulated cycle. (c) describes reversible isothermal (wtr << 1) and
reversible adiabatic Wt >> 1) processes; w is angular frequency and t

is thermal relaxation time. (d) shows the behavior for an intermediate
thermal contact with thermal penetration depth GK comparable to the

cylinder radius.

Fig. 6. (a) Geometry used for the calculation of energy flow in the gas. 2
and v are local gas position and velocity. 6(. Eq. (2) in text, is the
thermal penetration depth, (b) Time-averaged energy flows as a function of z
for (gradAT) = 0 when a stack of plates is introduced into the cylinder of

(a).

Fig. 7. A perticle of gas oscillates simple harmenically in the cylinder at
distance z from the closed end with amplitude Xo and temperature variation
of amplitude 6T0. The induced longitudinal temperature gradient in the
second medium is (grdd7r).
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